Escherichia coli has been widely used for the production of recombinant proteins. However, the unbalances between host metabolism and recombinant biosynthesis continue to hamper the efficiency of these recombinant bioprocesses. The additional drainage of biosynthetic precursors toward recombinant processes burdens severely the metabolism of cells that, ultimately, elicits a series of stress responses, reducing biomass growth and recombinant protein production.
Introduction
Escherichia coli is one of the most used microbial systems for the production of recombinant gene products. The relatively inexpensive scaling-up and the versatility as a host have established this cellular system an attractive alternative to the production of protein drugs via non-microbial systems. Indeed, many products with pharmaceutical interest have been produced (under FDA approval) using E. coli, such as: human insulin, somatotropin, human parathyroid hormone or interferon alfa-2b (Ferrer-Miralles et al., 2009) . The success of these products was essentially due to the ability to access a microbial platform that rapidly produces high-quality proteins in an efficient manner, maintaining the economic viability of these industrial processes.
However, some limitations still exist in these bioprocesses, particularly concerning the metabolic performance of host cells (Enfors et al., 2001; Konstantinov et al., 1991; Chou, 2007) . The expression of recombinant products can challenge cells with different levels of toxicity and metabolic burden that, ultimately, can lead to the decline of the biomass yield, productivity and cellular viability. Typically, cells counteract these effects by triggering stress-response mechanisms that adapt and readjust the metabolism so that cells can restore functionality and viability. However, these cellular responses represent themselves a significant deviation of cellular resources from growth and recombinant protein production. Therefore, the metabolic load imposed by the recombinant protein production and its main consequences in the whole metabolism of E. coli are quite relevant to consider when optimizing recombinant bioprocesses.
Currently, the ability to engineer microbial cells using recombinant DNA technology has provided us means to control the metabolism either by manipulating or introducing new enzymatic activities (Jeon et al., 2011; Zhu et al., 2011) or by interfering with regulatory interactions that ultimately influence metabolic activities (Demain and Adrio, 2008; Lee et al., 2005) . Several reviews have been published summarizing the latest advances in genetic tools to enhance expression systems (Andersen and Krummen, 2002; Sorensen and Mortensen, 2005; Jana and Deb, 2005) and also, the developments in culturing processes using different microbial systems, including E. coli (Shimizu et al., 1988; Konstantinov et al., 1990; Hsiao et al., 1990; Seo et al., 1992) . However, with the advent of systems-level engineering approaches and the application of multiple omics technologies, a new perspective over the improvement of microbial strains has arisen. Now, it is possible to characterize the recombinant systems at the system-level, which provide us with knowledge to engineer cells in a systematic manner, making these microbial strains more efficient and productive. The targeted manipulation of strains at the molecular level, together with the application of enhanced expression systems and suitable culture processes, can improve considerably the productivity of these microbial factories. In particular, by addressing the main metabolic limitations elicited during recombinant bioprocesses it would be possible to manipulate both the genetic background of the host cell and the culturing conditions in a controlled way to avoid any adverse activities.
This review will discuss the major metabolic responses associated with recombinant processes and the engineering strategies relevant to enhance the metabolic performance of recombinant E. coli host cells. We first review all the potential factors that induce metabolic perturbations during recombinant protein production in E. coli cultures and the main consequences on the metabolism of host cells. Then, we will review the main engineering strategies that have been successfully applied to manipulate the cellular metabolism to improve cells' physiology and the productivity of recombinant proteins. The potential of omics technologies in uncovering the main metabolic responses to recombinant processes will be presented, as well as the application of novel strategies based on systems-level analyses to manipulate the metabolic behavior of cells in a holistic manner.
The metabolic burden in recombinant bioprocesses
During recombinant protein production, cells are subjected to several physiological stresses, including the metabolic burden caused by drainage of metabolic precursors to the biosynthesis of heterologous proteins that is very aggressive to the metabolism of the host. The drainage of energy and biomass precursors, including amino acids and nucleotides toward the synthesis of recombinant material imposes severe alterations in the metabolism of host cells. Since the main biomass precursors are generally associated to glycolytic activities and the tricarboxylic acids (TCA) pathway, the disproportionate consumption of these metabolites leads to an imbalance in the central carbon metabolism.
According to several studies Corchero and Villaverde, 1998; Rozkov et al., 2004) , the over-expression of heterologous proteins provokes a reduction in the synthesis of biomass-related proteins, due to the unequal competition for the translation apparatus by the mRNA species synthesised from the high-level expression of recombinant material. Moreover, as in most cases the amino acids composition of the recombinant protein clearly differs from the average composition of biomassrelated proteins, this will augment the metabolic imbalance in the host cells. Indeed, the effect of the amino acid content of recombinant proteins in E. coli growth rates has been evaluated by comparing the impact of the overexpression of peptides containing amino acids that are more and less abundant in the host (Bonomo and Gill, 2005) . It was shown that cells expressing the peptide with less abundant amino acids became limited for those amino acids, which reduced protein synthesis that ultimately resulted in a lower growth rate. Similar studies have demonstrated the impact of codon usage bias in the expression of proteins (Zhou et al., 2004; Angov et al., 2008; Gustafsson et al., 2004; Kane, 1995) . Heterologous genes containing codons that are rarely used in the host can cause ribosome stalling during translation at these specific codons, as the concentration of tRNAs for less-used codons is remarkably lower. Alternatively, amino acid substitution and possibly frameshifting can occur, which may introduce significant alterations in the structure of the recombinant protein. Either way, the effects on protein productivity and quality are critical. Further details are discussed in a recent review on the causes and consequences of codon bias (Plotkin and Kudla, 2011) .
Also, it has been suggested that the recombinant plasmid alone burdens the metabolic capacity of cells Birnbaum and Bailey, 1991) . Some of the building blocks and energy required to replicate plasmid DNA are intermediaries of the pentose phosphate (PP) pathway, e.g. ribose-5-phosphate and erythrose-4-phosphate, which would impair the generation of NADPH and many other metabolic precursors like amino acids. NADPH participates mostly in biosynthetic reactions and, under normal growth conditions, over 60% is exclusively required for protein biosynthesis (Neidhardt et al., 1990) . Therefore, the imbalance of this metabolic pathway would limit the availability of this reducing agent, and consequently reduce recombinant biosynthesis, as well as biomass formation.
Growth arrest and reduced protein synthesis are the most important effects of this metabolic stress Glick, 1995) , but many other effects have been described, such as the accumulation of undesired by-products like acetate (Eiteman and Altman, 2006) . In general, the limitation or overaccumulation of some metabolic intermediaries changes the metabolic fluxes associated with these central pathways, which may induce cells to respond, either by restraining the activity of enzymes (either by enzymatic inhibition or transcriptional regulation) or by redirecting the metabolic fluxes through other pathways that lead to the accumulation of by-products. It has been reported that under recombinant protein producing conditions, cells lack immediate regulatory mechanisms for adjusting to a new balanced growth and can respond by destroying their ribosomes (Dong et al., 1995) or inducing the proteolysis of proteins (Rozkov et al., 2000; Rozkov and Enfors, 1999) . More recently, a study on the 13 C-labeling patterns of amino acids from a heterologous protein expressed in E. coli, revealed that cells react by reducing biomass formation and increasing energy generation through glycolytic activities (Pinske et al., 2011) . In addition, the up-regulation of genes involving the transport of amino acids and energy storing compounds has been described, as well as the induction of enzymes associated with the biosynthesis of amino acids (Bonomo and Gill, 2005) .
The ppGpp-mediated stringent response has also been associated with the metabolic burden caused by the over-expression of recombinant proteins . This stress response is triggered by the accumulation of the alarmone ppGpp that controls gene expression by direct interaction with the RNA polymerase (RNAP) upon the intracellular depletion of amino acids (Artsimovitch et al., 2004; Chatterji et al., 1998) . The downregulation of genes involved in the translational machinery and the up-regulation of stress-related proteins can explain the reduction of growth and protein synthesis frequently observed in recombinant cultures. The discovery that this guanosine nucleotide is accumulated during recombinant bioprocesses put forward the hypothesis of using ppGpp-deficient strains as hosts to improve the productivity of recombinant proteins (Dedhia et al., 1997; Carneiro et al., 2011b) . Although some disadvantages in terms of the metabolic behaviour (e.g. failure to manage metabolic imbalances) exist, the enhanced protein production rate represents a major benefit in recombinant bioprocesses.
Engineering strategies to overcome the metabolic burden in recombinant processes
The latest advances in genetic engineering and fermentation methodologies allowed the optimisation of bioprocesses for the production of recombinant proteins using different cellular systems, especially bacteria like E. coli. This bacterium remains the primary choice for recombinant production, due to its simplicity, ease of manipulation, and low cost (Baneyx, 1999) , but the limited metabolic efficiency of this cellular system places the industrial bioprocesses far from optimal. Hence the importance of understanding the impact of expressing heterologous proteins in the host cell metabolism.
Several groups have worked on developing strategies to overcome the metabolic burden in these biotechnological processes (Table 1) . So far, optimisation strategies have been based on genetic modifications, both in the host genetic background and in the recombinant material or, in some cases, changes in the fermentation conditions, like the culture medium composition. However, most of these strategies have been based on empirical approaches that are quite time consuming and do not always result in the expected outcomes. Therefore, new strategies based on the rational design of microbial cells need to be explored. Up to now, only few attempts were made to understand and manipulate recombinant cells at the systems-level in order to obtain even more efficient systems, but with the development of mathematical modelling approaches and high throughput technologies, further advances are expected.
In the next subsections, reported strategies to overcome the metabolic burden in recombinant host cells will be discussed, namely: the genetic manipulation of recombinant material and the host genome and the control of culture conditions. Several excellent reviews describing general strategies for improving protein productivity have already been published (Demain and Vaishnav, 2009; Gnoth et al., 2008; Chou, 2007; Peti and Page, 2007; Jana and Deb, 2005; Sorensen and Mortensen, 2005; Andersen and Krummen, 2002) . Therefore, we will focus primarily on the engineering of E. coli strains or the recombinant material that allowed to avoid (or overcome) the metabolic burden imposed by the protein synthesis. Some cultivation strategies used to improve the metabolic performance of host cells will be also exposed.
3.1. Genetic engineering approaches 3.1.1. Engineering the recombinant material
In general, expression vectors are the primary target to control recombinant production. Expression vectors are often based on naturally occurring plasmids that can be easily reconstructed to assemble parts from different genetic sources, such as control elements (e.g. promoters, terminators and transcription/translation initiation sequences) and propagation elements (e.g. selection markers, replication origins). The recent developments in the optimization of these elements have been widely covered in previous reviews (Sorensen and Mortensen, 2005; Chou, 2007; Jana and Deb, 2005; Baneyx, 1999) , but their effects in the metabolism of host cells has been fairly discussed.
Many optimization strategies disregard the influence of these vector elements on the metabolic state of host strains and, consequently in the global performance of the recombinant process. Properties of a typical expression vector, like the plasmid copy number, the size of the plasmid, the gene marker and promoter strength, can contribute to the metabolic load imposed by the maintenance of recombinant DNA in host cells. Early studies on the effects of the plasmid content on the cellular growth (Jinho and Bailey, 1985; Birnbaum and Bailey, 1991; Bailey, 1993; Peretti and Bailey, 1987) have shown that the decrease in the biomass yield is one of the major responses to the large-scale production of plasmid DNA in E. coli. Bailey and co-workers (1990) have reported some studies on the effects of the plasmid copy number in the growth of host strains, showing that the plasmid DNA content per cell increases with the decrease of the cellular growth rate, (Seo and Bailey, 1985; Seo and Bailey, 1986; Mason and Bailey, 1989) . Although plasmid segregational instability could be implicated (Summers et al., 1993) , in these studies no evidences were found, suggesting that these effects might be directly related with plasmid burden in host cells.
Another study with E. coli cells containing plasmids with the same size and expressing the same gene coding protein, but with increasing copy number, showed that the plasmid content is inversely correlated with the specific growth rate (Jinho and Bailey, 1985) . Bentley and co-workers have also demonstrated that the plasmid copy number has a profound effect on the specific growth rates of the plasmid-bearing cultures, as well as the expression of plasmid-encoded proteins (i.e., growth rates changed from 0.45 to 0.23 h −1 when the expression of an plasmid-encoded protein, chloramphenicol acetyltransferases (CAT), increased approximately from 500 to 1800 U/mg) . It was assumed that the additional drainage of biosynthetic precursors to replicate and express the recombinant material burdens the host metabolism, such that the metabolic changes decreased the growth rate of plasmid-bearing cells. Many other studies have also suggested that the plasmid copy number is the principal factor for the metabolic burden associated with plasmid maintenance, resulting in significantly reduced growth rates (Jones et al., 2000; Corchero and Villaverde, 1998; Flores et al., 2004) .
The promoter strength is also an important factor affecting the amount of recombinant transcripts produced in cells and thereby the host metabolism. From different sources and with different specificities (e.g. lac promoter from E. coli or T7 promoter from a bacteriophage that is specific to only T7 RNA polymerase), promoters have been chosen essentially by their transcription rates (Deuschle et al., 1986) . Recently, engineering strategies that use promoter clusters consisting on multiple core-tac-promoters in the plasmid were tested to achieve high and stable gene overexpression (Li et al., 2012) . However, the most efficient promoters might not be the best choice to improve recombinant bioprocesses, as the disproportionate increase of recombinant transcripts can overload the translational machinery and/or burden the metabolism of host cells. In, general, multicopy plasmids with foreign genes under the control of strong promoters are used to obtain high levels of expression of recombinant genes, but these two properties can induce detrimental effects on the host strain (Silva et al., 2012; Wang et al., 2006; Andersson et al., 1996; Rozkov et al., 2004; Neubauer and Winter, 2001) .
Other factors, like the selection of antibiotic resistance markers may also contribute to the metabolic burden. For instance, genes for the resistance to kanamycin, chloramphenicol and ampicillin are normally expressed at high levels, while tetracycline resistance genes are expressed at lower levels (Glick, 1995) . Antibiotic resistance markers can be also replaced by amino acid-auxotrophy complementation, i.e. by using auxotrophic strains transformed with a plasmid containing the gene that complements that auxotrophy, transformants are able to grow on minimal media without that amino acid supplementation (Vidal et al., 2008) . These selection markers based on the amino acids auxotrophy are actually beneficial for the host cell, since the addition of antibiotics is abolished. Either selecting low level expressing genes for antibiotic resistance or auxotrophy complementation, the impact of recombinant biosynthetic activities over the metabolism might decrease.
Another strategy that has been proposed is the integration of the target gene sequence alone into the chromosomal DNA of the host organism . This would prevent cells to waste energy and metabolic resources to synthesize unneeded products, once antibiotic resistance markers are essentially used to maintain the stability of plasmid-bearing cultures. Though this seems promising, plasmid-based systems are still the most widely used, because they allow to obtain higher gene dosages and the genetic Table 1 Some examples of reported strategies to overcome the metabolic burden imposed by the expression of heterologous proteins in E. coli.
Strategies
Descriptions Reference
Genetic modifications Low-copy number plasmids The use of plasmids with low copy number resulted in no significant changes in cell growth. (Jones et al., 2000) Chromosomal insertion The chromosomal insertion of 1-3 copies of the lacZ gene revealed to enhance the genetic stability compared to the plasmid expression system under non-selective conditions (e.g., medium without antibiotics). Alternative selection markers The replacement of antibiotic gene markers by amino acid-auxotrophy complementation in an E. coli M15-derivated glycine-auxotrophic strain was tested, allowing to obtain high cell density cultures and high productivity levels comparable to those obtained with the conventional systems. (Vidal et al., 2008) Alteration of transport systems (I)
A mutation in the ptsG gene encoding an enzyme of the glucose phosphotransferase system (PTS) resulted in the reduction of acetate excretion and, consequently biomass and recombinant protein productivity were increased by more than 50% compared to the wild-type. (Chou et al., 1994) Alteration of transport systems (II)
The replacement of the glucose phosphotransferase transport system by galactose permease resulted in a reduced accumulation of acetate and a concentration of recombinant protein almost four-fold higher.
( De Anda et al., 2006) Engineering the PP pathway An E. coli strain carrying a high-copy number plasmid with the zwf gene coding for the glucose-6-phosphate dehydrogenase enzyme that participates in the pentose-phosphate (PP) pathway was used to supply the extra demand of building blocks and energy required for recombinant biosynthesis. The growth rate increased from 0.46 h −1
(uninduced) to 0.64 h −1 (induced), which allowed to obtain a higher recombinant productivity. (Flores et al., 2004) Introducing new enzymatic activities
The alsS gene from Bacillus subtilis encoding the enzyme acetolactate synthase was introduced into E. coli cells using a multicopy plasmid. By introducing this new metabolic activity the excess pyruvate was redirected away from acetate to acetolactate and then acetoin, reducing the acetate accumulation and improving the recombinant protein production. (Aristidou et al., 1995) Knockout of host genes (I)
The ackA-pta-nuo mutant strain, which is deficient in acetate synthesis (ackA-pta) and defective in the transmembrane NADH:ubiquinone oxidoreductase (nuo) exhibited reduced acetate accumulation but also significantly lower ethanol and formate synthesis (Yang et al., 1999b) Knockout of host genes (II) The E. coli pta mutant defective in phosphotransacetylase excreted unusual by-products such as pyruvate, D-lactate, and L-glutamate instead of acetate. (Chang et al., 1999) Knockout of host genes (III) A recombinant E. coli strain with deleted poxB-ackA-pta genes and overexpressing the pyruvate dehydrogenase produced less acetate and more isoamyl acetate (a valuable by-product) than the wild-type strain. (Dittrich et al., 2005) Overexpression of host enzymes An E. coli strain with a fadR::Tn10 insertional mutation and overexpressing the phosphoenolpyruvate carboxylase (PPC) enzyme was used to test acetate accumulation. Results showed that acetate yield is decreased more than fourfold compared to the control, while the biomass yield is relatively unaffected (Farmer and Liao, 1997) Culture conditions Amino acid supplementation The coordinated amino acid feeding was shown to increase the heterologous protein yield. (Harcum et al., 1992) Low glucose concentration Decreasing glucose concentration in the medium results in a reduced accumulation of acetate and a higher recombinant productivity. (Shiloach et al., 1996) Control of the specific growth rate (I)
Fed-batch and continuous cultures with E. coli JMI07 carrying a plasmid pQRI26 with the ␣-amylase gene were evaluated at different specific growth rates (dilution rates) Recombinant production was shown to be maximum at an intermediate rate of 0.2 h −1 . (Turner et al., 1994b) Control of the specific growth rate (II) Sophisticated feeding strategies in fed-batch cultures with recombinant E. coli were developed to provide a fine control of the biomass formation at a constant specific growth rate and limiting acetate formation. (Gregory and Turner, 1993; Turner et al., 1994a) manipulations are easier and less time consuming compared to methodologies where genes are integrated into the chromosome. This may explain why only few methodologies for the insertion of heterologous genes into the host chromosome have been developed (Chiang et al., 2008; Martinez-Morales et al., 1999; Wei et al., 2010; Blaas et al., 2009; Chen et al., 2008) . Besides those strategies concerned with the engineering of expression vectors to reduce the metabolic burden in the host cells, together with the increase of protein expression levels, the redesign of coding-sequences of the target products has also been considered. The sequence of the translation initiation region and biases in the codon usage can reduce dramatically the translation efficiency of recombinant transcripts. Therefore, foreign gene sequences can impair the translational machinery of the host cells and elicit several stress responses that will contribute to the metabolic burden (Jana and Deb, 2005; Gustafsson et al., 2004; Kane, 1995; Schweder et al., 2002) . Different strategies have been applied either by performing codon-optimization of the heterologous genes, according to the frequency of codon usage in the host (Burgess-Brown et al., 2008; Han et al., 2010; Hale and Thompson, 1998; Yang et al., 2004; Angov et al., 2008; Niemitalo et al., 2005) , or through the co-expression of genes that encode the tRNAs that are scarce in the host (Calderone et al., 1996; Spanjaard et al., 1990; Saxena and Walker, 1992; Del et al., 1995) . However, such approaches have shown some adverse effects, such as the lower specific activities of the target products due to unpredictable structural alterations (Gustafsson et al., 2004) .
Other strategies targeting the gene sequence have also been exploited, but essentially related with protein stability, posttranslational modifications and the modulation of proteins activity. Although these are not directly related with the improvement of the metabolic performance of host cells, alterations can somehow influence the cell metabolism. For example, the design of a gene sequence without coding for any unnecessary amino acid residues reduces the drainage of biosynthetic resources. For protein stability, the replacement of cysteine by serine residues (O'Rourke et al., 1984; Doyle et al., 1985) , as well as the deletion of the hydrophobic regions like N-terminal amino acyl residues (Hsu et al., 2006) have been successfully tested. In all of these assays the modified proteins showed increased stability and retention of activity. Other strategies have been applied to promote the secretion of proteins into the periplasmic space by fusion with coding sequences for a signal peptide (de Oliveira et al., 1999; Jonet et al., 2012) .This significantly improves the recovery yield and product quality of recombinant bioprocesses, but problems associated with proteases attack and incorrect protein folding, which typically elicit various stress responses affecting the metabolism, are also avoided (Choi and Lee, 2004) . Further approaches are discussed in (Kamionka, 2011) .
The selection of the proper vector together with the use of codon-optimized genes in many instances may be adequate to allow the accumulation of the target protein at high levels, and, most importantly, reducing the impact of the metabolic burden in the host cell. However, the systematic application of different engineering approaches requires that the metabolic impact of heterologous gene expression can be predicted with a manageable set of variables. The metabolic behavior of host cells during recombinant production remains unclear, but many tools are being developed. With the advent of synthetic biology and the efficient de novo DNA synthesis, it is now anticipated a great potential for the systematic engineering of recombinant systems (Gustafsson et al., 2012) .
Engineering the host metabolism
Still more attractive is the possibility to modify the efficiency of the host cell's metabolism by changing the expression of entire metabolic pathways or specific genes, either by increasing the gene dosage of rate-limiting enzymes or by deleting genes to convey the metabolic flux toward the production of desired metabolic intermediaries to balance the extra drainage of metabolic precursors to recombinant biosynthesis. The modulation of the central carbon metabolism has been explored to overcome the effects of metabolic burden during recombinant production. Strategies are predominantly related to carbon transport capacities (De Anda et al., 2006; Chou et al., 1994) and metabolic activities that supply for biosynthetic precursors, like amino acids, nucleotides and nucleosides (Flores et al., 2004) . Flores and co-workers (2004) showed that by increasing the expression of the zwf gene, which codes for the first enzyme in the oxidative branch of the PP pathway, i.e. glucose-6-phosphate dehydrogenase, it is possible to overcome the bottleneck for the supply of building blocks (e.g. nucleotides) and reducing power (NADPH) that are required for plasmid replication and plasmidencoded protein expression. On the other hand, the replacement of the glucose phosphotransferase transport system (PTS) with an alternate glucose transport system, reduces the glucose uptake rate and, consequently, the levels of acetate excretion and improves the recombinant protein production over the wild-type strain (Lara et al., 2008; De Anda et al., 2006; Chou et al., 1994) . Additionally, it was found that the benefits of replacing the phosphotransferase system (PTS) by other glucose transporters (e.g. glk and galP genes) can be augmented in arcA phenotypes, allowing to enhance the glycolytic and respiratory capacities of the engineered strain (Flores et al., 2007) . The problem of acetate accumulation in the medium during recombinant bioprocesses, especially under high cell density cultivations, has long been identified (Eiteman and Altman, 2006; Suarez and Kilikian, 2000) . Acetate negative effects on growth of different recombinant E. coli strains have been tested (Koh et al., 1992) drawing attention to the importance of selecting suitable host strains and growth conditions that minimize acetate accumulation. In E. coli, acetate is synthesized mainly by the phosphotranscetylase acetate kinase pathway (Pta-AckA) using acetyl coenzyme A (AcCoA) as the substrate. Since AcCoA is primarily consumed via the tricarboxylic acid (TCA) cycle, only when an imbalance in this pathway occurs or the TCA capabilities are exceeded by the carbon flux through the glycolysis pathway (socalled overflow metabolism), the AcCoA is channelled to acetate biosynthesis (Xu et al., 1999; Castano-Cerezo et al., 2009; Chang et al., 1999) . Although the phenomena that result in the accumulation of acetate during the production of recombinant proteins is not entirely clear, it is likely that the drainage of metabolic precursors to recombinant biosynthesis imbalances the TCA activity, increasing the intracellular accumulation of AcCoA and resulting in the production of acetate. It should be also mentioned that the amino acid composition of recombinant proteins has a major effect on the metabolic imbalances that may arise. If the recombinant protein sequence is rich in less abundant amino acids in E. coli, the precursors used to produce those amino acids will be the first to be depleted and fluxes around those precursors will change significantly. Thus, depending on the precursor becoming depleted, the channelling of fluxes through the accumulation of acetate will change. To exemplify, it is likely that if ␣-ketoglutarate becomes deprived, TCA fluxes will decrease, accumulating AcCoA that will be channelled to the synthesis of acetate. The accumulation of acetate not only represents a deviation of carbon that might otherwise be used to generate energy and precursors for biosynthetic purposes, but it disrupts the proton motive force and impairs the cellular growth and the production of recombinant protein (Luli and Strohl, 1990; Eiteman and Altman, 2006) . Thus, various strategies have been developed to overcome this metabolic phenomenon (Table 1) (De Anda et al., 2006; Eiteman and Altman, 2006; Kim and Cha, 2003; Shiloach et al., 1996; Suarez and Kilikian, 2000; Turner et al., 1994 ; Van de Walle and Shiloach, 1998; Wong et al., 2008) . Genetic engineering methods like the direct knockout of genes encoding for enzymes in the biosynthetic pathway for acetate (e.g., ackA, pta and poxB) (Yang et al., 1999b; Chang et al., 1999; Dittrich et al., 2005; Tao et al., 2012) or the alteration of the level of gene expression in order to enforce the carbon flux through alternative pathways reducing acetate formation (Farmer and Liao, 1997 ) have been applied. For example, the over-expression of enzymes from anaplerotic pathways, like the phosphoenolpyruvate carboxylase (PPC), coupled with the deregulation of the glyoxylate bypass by using a fadR strain was investigated (Farmer and Liao, 1997) . The reduction in acetate accumulation was also achieved by expressing a heterologous gene from B. subtilis, the alsA that codes for an acetolactate synthase, which is capable to channel the excess of carbon to acetoin, a by-product less toxic than acetate (Aristidou et al., 1995) .
Unfortunately, these engineered strains have shown to improve recombinant protein production still with low biomass growth associated, with large amounts of resources being driven to the formation of other by-products, such as lactate, pyruvate, acetoin and ethanol. This has still an impact on the product and biomass yields, making these strategies yet far from obtaining effective production systems.
Since the effects of these genetic alterations were not considered at the systems-level, local perturbations can be propagated through the metabolic network in an unpredicted way. For instance, the increase of fluxes through the PP pathway may provide larger amounts of building blocks (e.g. nucleotides) toward the recombinant production, but it can also induce the accumulation of other metabolic intermediaries that exert an enzymatic control over central metabolic activities (Usui et al., 2012; Nicolas et al., 2007) . As an example, the 6-phospho-D-gluconate that is an intermediary of the PP pathway can be over-accumulated and then exert an enzymatic inhibition over the enzyme phosphoglucose isomerase that catalyses the interconversion of glucose-6-phosphate and fructose-6-phosphate (Schreyer and Bock, 1980) . This can severely decrease the growth rate of E. coli cultures, as this activity is an essential step of glycolysis and gluconeogenesis pathways. When altering the metabolism of cells, it is important to consider the complex interconnectivity between pathways and, more importantly, to take into account that slight alterations in metabolite ratios induce immediate changes in the activity of enzymes.
Culturing conditions
The optimisation towards an efficient and robust recombinant production platform, includes the implementation of culturing conditions that attempts to minimize stresses during recombinant processes and further eliminate potential bottlenecks in the metabolism. One of the most simplistic approaches is the supplementation of amino acids that are limiting during the recombinant process (Harcum et al., 1992) . However, this only solves the problem of the limitation of building blocks, while the limitation of energy generation persists. In addition, the supplementation of amino acids may exert unpredictable metabolic effects over the amino acid biosynthetic activities, since the enzymatic regulation of these pathways is primarily performed by the end-product, i.e. the amino acids (Lourenç o et al., 2011) . Only with a systematic approach that allows a holistic overview over these complex systems, it would be possible to fully understand the metabolic implications of these supplementation strategies.
Acetate formation is known to be strain-dependent (Son et al., 2011; Phue and Shiloach, 2004; Phue et al., 2005) , i.e. for example E. coli BL21 reacts more efficiently to lower concentrations of acetate than the strain JM109, by reducing its specific glucose uptake. The choice of a more suitable strain can therefore be considered. Besides this, the accumulation of acetate is primarily connected to growth and carbon source uptake rates (Shiloach et al., 1996 ; Van de Walle and Shiloach, 1998) . Therefore, high initial glucose concentrations will promote acetate formation, as well as cultivations at high specific growth rates. In turn, this results in the decrease of the specific production rate of recombinant protein (Turner et al., 1994) . Accordingly, methodologies based on the control of nutrient feeding are valuable to prevent the overfeeding of media components that contribute to the metabolic overflow and the consequent accumulation of by-products that have an inhibitory effect in biomass growth (e.g. acetate), or to avoid the underfeeding in which cells become starved for limitingnutrients (e.g. carbon source). Feeding strategies can consist on the application of constant feeding rates, stepwise-increasing feeding rates or exponential feeding rates (with or without feedback control). The last one provides the advantage that by controlling the specific growth rate, acetate production can be minimized or even avoided (Rocha et al., 2008; Carneiro et al., 2011b; Gregory and Turner, 1993) . However, by using advanced continuous cultivation methods (e.g. A-stat and D-stat), it was found that the specific growth rate is not the only mechanism controlling the central carbon metabolism in cultures (Valgepea et al., 2010) ; although most of the fermentation strategies are concerned to avoid acetate overflow by manipulating the specific growth rate, due to the detrimental effects on the carbon flow and energy spilling that leads to decreased protein productivity (as discussed above).
During recombinant bioprocesses, cellular responses like nutrient starvation can be elicited, which contribute to the metabolic stress of the host cells. Some of these responses may be associated with the cultivation mode. For example, high cell density cultures have long been preferred for recombinant fermentations with E. coli (Choi et al., 2006) , but they can cause severe problems to the culture, such as substrate or oxygen limitations. These conditions may further contribute to the metabolic stress induced by recombinant processes and induce the expression of stress-responsive proteins that will compete for the translation apparatus and, more importantly for energy and metabolic sources, resulting in high productivity losses.
A major problem in large-scale recombinant E. coli cultures is the existence of gradients in dissolved oxygen tension (DOT). The effects of DOT gradients on the metabolic responses of cells and in the production of recombinant proteins have been studied (Sandoval-Basurto et al., 2005; Lara et al., 2006a) . Losses in the biomass and protein yields and the accumulation of by-products like acetate, lactate, formate, and succinate, indicate that in oscillatory DOT cultures the deviation of carbon flow to fermentative pathways is significant. Moreover, the transcriptional responses showed that E. coli cells can respond very fast to intermittent DOT conditions, which suggests that rational scale-up criteria and strain design strategies should be established for improved culture performance at large scales. Further studies by Lara and co-workers (Lara et al., 2006b) , have shown that fermentative pathways can be obviated as they are not necessary for bacterial survival during the short circulation times typical of large-scale cultures. By using different engineered E. coli strains (e.g. a poxB single mutant that eliminated the conversion of pyruvate into acetate; a ldhA pflB double mutant unable to produce lactate and formate; and a ldhA pflB poxB triple mutant) grown under oscillating DOT conditions it was found that the engineered cells were able to continue growing with improved specific growth rates and reduced by-product formation when compared to the parental strain.
Still concerning the improvement of fermentation processes to prevent oxygen limitation during growth in high cell density cultures, oxygen carriers like liquid perfluorochemicals that increase the oxygen transfer into cell cultures have been tested (Pilarek et al., 2011) . In recombinant E. coli cultures, the cell density increased by 40% compared to control cultures and the amount of protein increased from 1.5 to 4.5 units. Many other recent fermentation strategies have been developed to provide high cell densities, high protein productivity per cell and good protein quality (Krause et al., 2010; Siurkus and Neubauer, 2011; Ukkonen et al., 2011) ; and most of them concern the improvement of the metabolic performance of host cells, even if indirectly. From conventional cultivations methods to new the systematically designed approaches, the ability to manipulate different variables has provided a faster and straightforward development of recombinant bioprocess.
Finally, the use of inducible expression systems and the moment of induction of the recombinant expression have been pointed as important factors to minimize the metabolic burden (Curless et al., 1990; Neubauer et al., 1992) . The physiological state of the culture at the time of induction can affect the metabolic response to the recombinant process and, more importantly, its efficiency. If the induction is performed at the mid-logarithmic growth phase, cells can provide sufficient levels of energy and metabolic precursors for the recombinant biosynthesis, since the cell is at its maximum catabolic capacity. However, if induced at the late-logarithmic or stationary phase there is a higher cell density for product formation, but the metabolic state of the cells is unfavourable and the presence of stress-related proteins like proteases can reduce the yield of foreign proteins.
Hence, it is important to fine-tune the expression of recombinant proteins, the metabolic capabilities of the host cell metabolism and the cultivation conditions. The selection of cultivation modes that allow prolonging the production phase, at controlled growth rates and minimizing the induction of stress events is a suitable strategy to attain maximal yields of recombinant protein.
Omics technologies as tools to elucidate the impact of recombinant processes
Typically, the characterization of metabolic stresses during recombinant bioprocesses is done through the determination of physiological parameters, like growth yields or acetate accumulation. Although these are good indicators of the metabolic state of the cells, they do not reveal the extent of the metabolic perturbations in the entire biochemical network.
With the advent of omics technologies, such as transcriptomics, proteomics and metabolomics, it is now possible to evaluate the abundance of the main components involved in metabolic pathways. Changes in metabolite levels or alterations in the expression of enzymes can now be evaluated in a high-throughput manner. As metabolic networks are usually composed by numerous and highly interconnected components, a slight perturbation in a metabolite level affects the entire network and often these effects are difficult to predict. Therefore, a system-level perspective is needed to understand metabolic responses to different conditions, in particular during recombinant biosynthesis, and to identify potential metabolic targets that can be modified allowing an efficient supply for energy and metabolic resources toward recombinant protein synthesis.
The DNA microarray technology (i.e., transcriptomics) has been widely used to characterize changes in the transcriptional patterns when inducing the recombinant protein expression in E. coli cells (Choi et al., 2003; Duerrschmid et al., 2008; Haddadin and Harcum, 2005; Oh and Liao, 2000) . In most studies, a large number of transcripts displayed statistically significant changes upon the induction of the recombinant protein, from which those involved in key metabolic activities, such as amino acid biosynthesis, acetate synthesis and transport (in particular, the glucose phosphotransferase system) were found to be up-regulated. Glycolytic and TCA genes were not affected significantly, but presented consistent down-regulated expression levels, which explains the decrease in the metabolic activity of cells encountered during recombinant protein overproduction. The scrutiny of these results has already led to the implementation of genetic engineering strategies to improve recombinant protein production. For example, Choi et al. (2003) co-expressed the prsA gene to further supply precursors for the synthesis of purines, pyrimidines and amino acids. This decreased the specific growth rate of the recombinant culture, but the protein content was 2.3 times higher than that obtained without the co-expression of the prsA gene. This indicates that transcriptome profiling can assist in the selection of target genes to be overexpressed or deleted to achieve a desired goal. However, the evaluation of results from these analyses should consider the complexity of these biological systems, as it is often difficult to predict how the system will react to certain genetic changes.
Similarly, proteomics studies have been explored to examine the global physiological changes in E. coli during the production of recombinant proteins (Duerrschmid et al., 2008; Lee et al., 2007; Wang et al., 2005; Aldor et al., 2005) . As expected, differential expression levels of proteins were detected when comparing producing and nonproducing cells, in particular the downregulation of proteins involved in the central carbon metabolism (e.g. glycolysis, PP pathway and TCA cycle) and the up-regulation of cell protection proteins and some sugar transport proteins. In an attempt to investigate the PP pathway as a potential metabolic bottleneck for the improvement of recombinant protein production, Wang et al. (2005) have engineered E. coli BL21(DE3) to overproduce the phosphogluconolactonase (PGL) enzyme from Pseudomonas aeruginosa, in order to increase the metabolic flux through the PP pathway. As a result, a higher growth rate and biomass yield were observed, as well as the up-regulation of proteins participating in the tricarboxylic acid (TCA) cycle, suggesting that the supplementary PGL activity was valuable to overcome limitations in the supply of reducing power and precursors for high level protein synthesis.
Proteomic profiling can also provide a valuable tool to hypothesize metabolic targets to make these systems more robust, but as referred before, these results only offer information relative to changes of a single level of the system under specific conditions. The combination of different levels of information and predictive computational tools has been started to provide valuable insights to understand these systems.
As proteomics data correlates to a certain degree with transcriptomics data, the combination of these two technologies can be included in integrative approaches (Duerrschmid et al., 2008; Yoon et al., 2003) . For example, the protein profiles obtained from difference gel electrophoresis (Ettan(TM) DIGE) and the transcriptome profiles from total microarrays were evaluated to monitor stress responses during recombinant protein expression in E. coli chemostat cultures. This study showed fairly good correlations between data (approximately 35% to 56%), whereby seven proteins showed consistent expression levels, such as: the DnaK and IbpA chaperones; the proteins involved in the cell movement and chemotaxis FlgK and FliC; the TCA cycle enzymes AceA and IdH; and the cell division protein FtsZ.
Metabolomics, one of the newest omics technologies being developed, has provided the determination of the abundance of hundreds of metabolites simultaneously. Since metabolite levels are the closest link between the metabolic status and the phenotype of cells, information provided by these analyses is useful to examine the metabolic and cellular changes in cells during the production of recombinant proteins. Metabolomics studies have revealed that, besides increased fluxes of overflow pathways, especially acetate synthesis, the glyoxylate shunt, not active during growth, was utilized during recombinant production, probably to minimize the uncoupling of the glycolytic and TCA activities . Surprisingly, other studies revealed that upon the induction of recombinant protein expression there is a rapid accumulation of unexpected metabolites outside of the cell, such as malonate and cis-aconitate (Carneiro et al., 2011b) . The immediate secretion of isocitrate lyase inhibitors, such as cis-aconitate, suggests that the anaplerotic glyoxylate shunt is activated to replenish the TCA intermediaries that were withdrawn toward the formation of recombinant protein.
The metabolic burden was also quantified through the determination of intracellular fluxes using 13 C-based metabolic flux analysis (Heyland et al., 2011) . Though this methodology is still limited by the information available on the organism's metabolic network, for recombinant E. coli it was possible to determine fluxes through the TCA cycle, which were fairly constant, and acetate synthesis that increased with the increasing amount of the inducer added to the culture.
The information extracted from omics analyses is invaluable to examine the physiological changes occurring during these processes (Oh and Liao, 2000; Haddadin and Harcum, 2005; Duerrschmid et al., 2008; Lee et al., 2007; Wittmann et al., 2007) . In Fig. 1 , the main metabolic responses covered by reported omics analyses are illustrated, together with some examples of genetic engineering strategies that were implemented in the last years to overcome metabolic limitations. However, the potential of these tools to rationally design microorganisms with desired metabolic activities has rarely been explored, in particular for the production of recombinant proteins in microbial cells (Park et al., 2005; Han et al., 2011) . It is important to render these omics analyses into integrated tools of existing systematic approaches to predict new engineering targets or to re-design fermentation strategies that otherwise would be much harder.
Advancing recombinant bioprocesses through systems biology
As previously presented, the majority of the reported strategies has enabled the improvement of protein production at reasonable levels, but often at the expense of biomass growth. This makes recombinant bioprocesses less efficient and profitable, as the biomass yield and the volumetric productivity are major factors in the production and downstream processing of these microbial fermentations. Although some strategies have been focused on the adjustment of the metabolic capacities of microbial cells to overcome some limitations during recombinant processes, this has not been done at a systematic level, which implies that detrimental changes can be provoked in the cellular metabolism.
Typically, these adjustments were achieved by simplistic trialand-error methodologies (or empirical approaches) that were carried either by introducing or replacing metabolic activities from other organism sources (De Anda et al., 2006) or by enforcing or removing existing metabolic activities (Eiteman and Altman, 2006; Wong et al., 2008) . These methodologies allowed to increase the formation of metabolic precursors that become limiting during recombinant processes, but in some cases the growth rate recovery was only partial, with the carbon flux being channelled to the formation of metabolic by-products (Yang et al., 1999a; Aristidou et al., 1995) . To avoid this metabolic waste it is crucial to employ new strategies that account for the structure and functionality of the entire metabolic network, therefore overcoming the negative impact of the genetic changes performed (the so-called systematic approaches) (see Fig. 2 ).
Metabolic engineering has emerged as a successful tool to direct the metabolic behaviour of cells into more efficient systems (Yu et al., 2011; Bulter et al., 2003; Aristidou et al., 1995; Covert et al., 2001) . In this approach the metabolic capabilities of cells are considered an integrated system and their functional properties, like enzymatic and regulatory interactions and even the network topology are taken into account when re-designing metabolic networks. This way, promising targets that maximize the formation of the desired products and prevent ineffective alterations in the metabolism can be found.
Stoichiometric-based models have been explored to study the metabolic behaviour of microbial cells and to predict phenotypes that optimize the production of target metabolites. In more detail, metabolic networks can be represented by stoichiometric models that are usually simulated by constrained-based approaches, termed flux balance analysis (FBA), assuming a steadystate of the metabolism and a metabolic objective (e.g. growth rate Fig. 2 . Schematic representation of the empirical and new systematic strategies being implemented at the three stages in the optimisation of recombinant bioprocesses. Systematic strategies are enclosed in a unique level, since often the design of these strategies considers the tree steps in the optimisation process as an integrated platform. Computational tools that assist in the design of these strategies are also indicated: JCat (Grote et al., 2005) ; Optimizer (Puigbo et al., 2007) ; OptFlux (Rocha et al., 2010) ; OptGene (Patil et al., 2005) , OptKnock (Burgard et al., 2003) , OptStrain (Pharkya et al., 2004) , OptReg (Pharkya and Maranas, 2006) ; OptORF (Kim and Reed, 2010) ; OptFerm (Rocha et al., 2009) ; GAME.opt (Link and Weuster-Botz, 2006 ). maximization) (Edwards et al., 2002; Kauffman et al., 2003; Price et al., 2003; Raman and Chandra, 2009; Varma and Palsson, 1994) . FBA explores the metabolic capabilities of cells and predicts their phenotype under defined environmental conditions (e.g. aerobiosis/anaerobiosis or with different carbon sources). Additionally, these stoichiometric-based models can also be used to predict gene deletions in the wild-type strain that would maximize the production rate of a desired metabolic product. To find feasible metabolic flux distributions that fulfil these conditions it is possible to use several optimization methods: OptGene (Patil et al., 2005) , OptKnock (Burgard et al., 2003) , OptStrain (Pharkya et al., 2004) , OptReg (Pharkya and Maranas, 2006) and more recently OptORF (Kim and Reed, 2010) . Although the availability of computational tools is increasing, the successful application of these stoichiometric models has been limited to the design of strains for the production of metabolic end-products, such as: the overproduction of purine nucleosides, riboflavin, and folic acid in Bacillus subtilis (Sauer et al., 1998) ; the enhancement of the biosynthesis of sesquiterpenes in the yeast Saccharomyces cerevisiae (Asadollahi et al., 2009) ; the improved bioethanol production in Saccharomyces cerevisiae (Bro et al., 2006) ; the overproduction of threonine in E. coli (De Atauri et al., 2009) ; or the production of vanillin in baker's yeast (Brochado et al., 2010) . These in silico approaches are still inadequate for the optimization of recombinant protein production, since the dynamics behind recombinant processes makes difficult to simulate and predict the behaviour of the system. For this reason, most modelling approaches to study recombinant bioprocesses have been based on kinetic descriptions that reproduce the physiological behaviour of cells. However, it is unfeasible to represent all levels of a system using this type of models. Not only because there is a large number of cellular components that would be needed to be represented in the model, but also because it is impossible to describe the mathematical relationships between components participating in such cellular activities, at least in the current state-of-art. Despite all, E. coli strains have been metabolically engineered using approaches to obtain optimal phenotypes for the production of end-products, which can be of interest to the improvement of the production of recombinant products, by increasing precursors and cofactors availability (Chemler et al., 2010; Fowler et al., 2009; Park et al., 2007) . The metabolically engineered strain carrying pgi, ppc and pldA deletions is one of the best examples that demonstrate the advantages of using stoichiometric models to identify combinations of gene knockouts to improve the NADPH availability in E. coli (Chemler et al., 2010) . A constraint-based metabolic model combined with an evolutionary-based optimization method was used to investigate the phenotype of knockout candidates that maximizes the production rate of NADPH while also maximizing for growth, i.e. biomass product coupled yield (BPCY). The BPCY objective function avoids selecting mutants with high specific production rates but that are not viable. Though the overexpression of a recombinant protein was not accounted in the model, this approach showed some advantages because it improves the overall NADPH production in the mutant strain, which has been identified as a limiting resource during recombinant bioprocesses.
Another example is the rationally engineered E. coli strain to overproduce L-valine by introducing the following genetic modifications:
aceF, mdh, and pfkA. This strain can also be interesting for the overproduction of recombinant proteins that have a sequence rich in L-valine. As previously discussed, the amino acid sequence of the recombinant protein influences the physiological behaviour of the host strain due to shortages in the intracellular amino acid pools, especially for least abundant amino acids. However, this is not always so straightforward and modelling strategies to predict the amino acid shortages during recombinant processes should be first implemented. Sarkandy et al. (2010) developed an amino acid supplementation strategy based on the simulation of a stoichiometric model that could predict which amino acids are most needed to enhance the production of IL-2 (interleukin-2 as a model protein) in a fed-batch high-cell-density culture. The most effective amino acid mixture was found to be leucine, aspartic acid and glycine, which increased the production of IL-2 almost twofold (Sarkandy et al., 2010) . Seemingly, a modelling approach based on a stoichiometric model combined with kinetic-based descriptions for the production of a recombinant protein and cell growth was proposed (Carneiro et al., 2011a) . This model allows to follow the withdrawn of amino acids for biomass and recombinant protein formation along the cultivation process and to estimate which amino acids are the first to become limited. More importantly, these models enable to couple the modelling of cultivation strategies with the metabolic engineering of cells. These systematic approaches might be some of the earliest attempts to overcome the metabolic burden of recombinant processes by combining different aspects of the bioprocesses optimization problem.
Concluding remarks
The success of recombinant bioprocesses depends on the understanding of the metabolic responses to the burden imposed by additional drainages of metabolic resources toward the production of recombinant material. In this review, strategies that have been developed, either to cope with the shortage of metabolic resources or the control of the metabolism overflow, were addressed. Although most of these strategies were able to improve the recombinant protein production, reduced biomass yields and the accumulation of metabolic by-products were also observed. Therefore, alternative strategies that allow to manipulate these recombinant systems in a more efficient way are in great need.
Systems biology and particularly metabolic engineering have been valuable to rationally design microbial strains for the production of many products of interest (Sauer et al., 1998; Asadollahi et al., 2009; Bro et al., 2006; De Atauri et al., 2009; Brochado et al., 2010) . So far, modeling approaches have mostly applied constrained-based models, which seem to work well in the design of strains for the improved production of chemicals that belong to the central carbon metabolism. Recombinant processes are far more complex, since the expression of recombinant proteins is generally plasmid-based, meaning that the interaction with the central carbon metabolism is not straightforward to understand and to model. However, the combination of dynamic and stoichiometric models can be useful for the simulation of these cellular processes, since the dynamics of the recombinant synthesis can be easily captured, as well as the growth-dependent metabolic behavior of cells. Metabolic models, like those reconstructed for E. coli, e.g. the iJR904 (Reed et al., 2003) and the iAF1260 (Feist et al., 2007) , when combined with mechanistic models can offer a more comprehensive representation of the cellular organization.
